We present a detailed study of a phonon-assisted incoherent excitation mechanism of single quantum dots. A spectrally-detuned laser couples to a quantum dot transition by mediation of acoustic phonons, whereby excitation efficiencies up to 20 % with respect to strictly resonant excitation can be achieved at T = 9 K. Laser frequency-dependent analysis of the quantum dot intensity distinctly maps the underlying acoustic phonon bath and shows good agreement with our polaron master equation theory. An analytical solution for the photoluminescence is introduced which predicts a broadband incoherent coupling process when electron-phonon scattering is in the strong phonon coupling (polaronic) regime. Additionally, we investigate the coherence properties of the emitted light and study the impact of the relevant pump and phonon bath parameters.
emitter and cavity [6] [7] [8] . This effect causes a detuned cavity mode to be efficiently excited by a QD coupled to the surrounding acoustic phonon bath. The inverse NRC effect, where the QD is excited via the cavity photon emission, has also been demonstrated experimentally [9] . Recent theoretical analysis in the context of the NRC effect, however, have shown that simple Lorentzian like pure-dephasing models are not sufficient to fully explain this phenomenon [6, 7, 10] . Especially in the domain of resonance fluorescence, where the QDcavity system is excited coherently, significant phonon-induced coupling between the QD exciton and the cavity is predicted [11] , resulting in phonon-mediated excitation-induced dephasing (EID) and pronounced exciton-cavity feeding. The former EID mechanism has been observed in micropillar-QD systems [12] , and related EID phenomena have been measured using coherently excited QDs with pulsed lasers [13] ; EID, via resonance fluorescence, manifests in spectral broadening of the Mollow triplet sidebands as the strength of the pump field is increased; however, it does not give any direct information about the spectral characteristics of the broad phonon bath. The exciton-acoustic phonon coupling is also directly observable via the broad phonon bands on the higher and lower energetic side of the zero-phonon line (ZPL) that can be theoretically explained by the independent boson 2 model [14] under consideration of pure dephasing effects [15] . The ZPL is Fourier-limited up to a first approximation but higher-order coupling terms lead to a broadening [16] , which increases with temperature. These phonon-based pure dephasing effects have been experimentally studied in detail, particularly using the highly phase-sensitive technique of four-wave mixing [17] . The LA phonon sidebands have also been directly observed in QD emission spectra at elevated temperatures [18, 19] , using incoherent excitation (i.e., pump laser excitation that is spectrally far detuned from the target exciton state).
In this Letter, we present a joint experimental-theory investigation of phonon-mediated incoherent excitation in the polaron regime. The clear signatures of phonon-mediated excitation is quite distinct to all previous attempts at exploring electron-phonon interactions in QDs, and we present an unequivocal and more direct probe of the phonon bath. We introduce an analytical model for the excited QD-phonon-bath system in a planar sample such that the coupling between laser photons and a QD is mediated by acoustic phonons in the framework of an effective phonon master equation (ME) [20] , which is derived from a full polaron ME [11] . We show that the effective QD intensity is a direct result of phononmediated coupling which depends on the phonon density of states at the laser excitation energy and the pump intensity of the field. Moreover, this results in an incoherent excitation process that is a direct signature of exciton-phonon coupling effects beyond a weak excitonphonon coupling approach-where such a mechanism is absent [21, 22] . Inspired by related theoretical predictions [20, 23] , we experimentally demonstrate the effective pumping of a single QD via LA phonon coupling by spectrally tuning the laser close to the QD s-shell resonance within the range of LA phonon energies. The detuning-dependent frequency scans yield QD intensity profiles exhibiting both the ZPL profile along with the broad LA phonon sidebands (spanning more than 5 meV). Additionally we compare the coherence properties of the QD emission, excited via this incoherent excitation process driven by a coherent laser into the acoustic phonon bath with that of a resonantly excited QD.
For our experiments, we employed self-assembled In(Ga,As)/GaAs QDs grown by metal- The effect of phonon-induced excitation is modeled using a polaronic ME where explicit phonon-mediated processes have been considered and derived in the form of Liouvillian superoperators. A polaron ME has also been used to investigate QD Rabi oscillations [26] .
The effective phonon model is explained in detail in Ref. [20] , which also includes a cavity system. For the current system of interest (i.e., with no cavity coupling), the ME is [20] ∂ρ ∂t
with a polaron-transformed system Hamiltonian,
where
ω 2 coth(β ω/2) is the thermally-averaged bath displacement operator and
) is the the characteristic phonon spectral function; η x = 2Ω is the coherent pump rate of the QD exciton, σ 11 = σ + σ − with σ + , σ − the Pauli operators, and we will incorporated the polaron shift (∆ P ) into the definition of ω QD (and thus ∆)
ZPL radiative decay and ZPL pure dephasing (γ ′ ), as well as pump-driven incoherent scattering processes mediated by the phonon bath: Γ
ph process corresponds to an enhanced radiative decay, while the Γ σ + ph process represents an incoherent excitation process. If the laser pump is within the vicinity of the phonon bath, then the QD exciton can be excited through phonon emission or absorption [20] . As well as having analytical phonon scattering rates in the polaronic regime, we can also use Eq. (1) to derive an explicit expression for the steady-state exciton population (see Supplementary Material),
For the planar system of interest, the QD intensity from the vertical decay channel of the sample is simply I QD ∝N x . Importantly, Eq. (2) includes the detuning and pump dependence of the phonon-induced scattering rates. We stress again that the incoherent excitation process described through L[σ + ] [see inset to is quite different to the incoherent feeding that would result from a fast inter-level decay process. To help identify this process further, we also plot the calculation when the Γ σ + ph process is turned off, which confirms that the laser-driven incoherent excitation process is the dominant phonon scattering process.
For modeling the measurement data, the corresponding values for temperature T , pump rate η x , and radiative decay γ, have been experimentally derived by independent measurements and are therefore fairly accurate values within their experimental error. As is shown in the inset graph, η x can be extracted from the HRPL data. For the conditions in Fig. 3 To gain further insight into the effect of phonon-assisted incoherent excitation, we have systematically studied theoretically the effects of ω b , T , α p , η x on the resulting intensity profiles in Figs. 4 (a-d) . An increase in the cut-off frequency ω b (i.e., a decrease in QD size) leads to a blue shift of the phonon reservoir replica of the QD intensity profile. In contrast, increasing temperature T , pump rate η x or coupling factor α p overall increases the QD intensity for off-resonant excitation conditions. This can also be seen in Figs. 3 (a) and (b) , where increased temperature and pump rate leads to a higher emission efficiency in 3(b) as compared to 3(a). For increasing temperature, these features become more symmetric due to increasing phonon state occupations. Parameters α p and η x have similar effects on the shape of the intensity profile but keep the asymmetry unchanged. Variation of γ, γ ′ (not shown) mainly affects the width of the ZPL and has almost negligible effect on the broader intensity profile. We would like to emphasize that the effect has been observed consistently for several QDs in the sample. The investigations are also particularly important for experiments under pulsed resonant excitation. Here the spectrally broad laser (compared to cw excitation) has distinct overlap not only with the ZPL, but also with the acoustic phonon side wings. Therefore the resonance fluorescence signal has additional contributions from photons emitted after phonon-induced coupling, which might increase the excitation efficiency but also change the coherence properties of the detected photons.
In conclusion, we have presented a detailed study of the phonon-assisted incoherent excitation effect for self-assembled QDs. The experimentally investigated dot intensity as a function of laser-QD detuning is in very good agreement with a polaronic ME model. Additionally, we have studied the coherence properties of QD emission via the phonon-mediated excitation and the influence of different realistic parameters on the spectral shape of the intensity profile has been theoretically investigated, using a newly presented analytical solution for the steady-state exciton population. Phonon-assisted incoherent excitation therefore does not only provide a unique excitation mechanism of a semiconductor QD but also an effective new tool to map the characteristic features of the phonon bath present in such a solid state quantum-emitter system. This process is also polaronic in nature, demonstrating exciton-phonon coupling effects beyond the weak coupling regime.
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